Acoustic communication is currently considered as the best way to transmit information over long distances under water, since acoustic waves have lower attenuation in water than the other information transmission media. However, current information transmission rates of the underwater acoustic communication is usually limited by low-frequency bandwidth due to the large attenuation which characterized in high-frequency sound waves in water. Spiral acoustic beams with helical wavefront dislocations carrying orbital angular momentum have been applied to acoustic levitation and capture. Recently, harnessing the orthogonality and the infinite 2 dimension of Hilbert space in underwater acoustic communication has been considered promising. Here, we construct a real-time underwater acoustic communication system to transmit video image. The system multiplexes eight orbital angular momentum topology charges ranging from +1 to +8 and encoded with on-off keying modulation format, achieving a spectral efficiency of 8 (bit/s)/Hz. This demonstration suggests that multiplexed information-carrying orbital angular momentum acoustic beams presents tremendous potential for increasing the capacity of underwater communication systems.
Introduction
A particular acoustic waves carrying orbital angular momentum (OAM) is known as vortex acoustic beams, which characterized by a screw wavefront -that is, surface of the constant phase -dislocation 1, 2 . In the wavefront dislocation of a screw Related research shows that there is a perfect orthogonality relation between vortex acoustic beams with different OAM topological charges 4 , so that the multiplex vortex beams can be transmitted independently. In recent years, orthogonal acoustic vortex beams with orbital angular momentum is considered bringing a new degree of 3 freedom having a potential to increase the information capacity substantially and improve the ability of acoustic waves for communication 4 , especially combining with multilevel amplitude/phase modulation formats.
At present, the commonly used acoustic communications is the utilization of the plane acoustic waves [5] [6] [7] [8] [9] [10] (far-field approximation of a spherical wave) whose wavefront is perpendicular to the propagation axis. Such acoustic waves have been utilized since the beginning of the acoustic communication several decades ago. So far, there is no much change in the acoustic waves. At the receiving terminal, the intensity of the acoustic pressure field is detected, whose velocity of change indicates the frequency and sequence of change represents the phase. Available dimensions have been limited to the domain of time, frequency and space, and if there is no new degree of freedom can be utilized, a significant increase of channel capacity will be difficult, according to the Shannon formula in information theory.
Studies indicated that OAM is another physical quantity that different from the intensity of acoustic pressure field 11 , if we can take advantage of acoustic OAM, the acoustic wave transmission and detection capabilities could be greatly enhanced.
Vortex field carrying angular momentum is a very common phenomenon in nature, many studies have confirmed that both the electromagnetic [12] [13] [14] or the acoustic waves 15, 16 can form a vortex field under certain conditions. Wave front dislocation is the intrinsic property of the vortex field, which was first discussed in acoustics 2 .
However afterward, a majority of the subsequent researches are conducted in Inspired by optics, we can introduce a analogous LG beam expression of acoustic vortex field 29, 30 , for the present analysis, considering with 0 p  , and neglect the
Thus we can obtain a complex wave function  of the acoustic vortex with a quasi-LG expression
So that the intensity distribution of the quasi-LG beam is obvious The OAM beams carrying information can be described as
where   St is the baseband digital signal to be sent. 
Multiplexed OAM beams
Different from optics [32] [33] [34] , acoustic wave has no polarization characteristics, leading to non-rotation state phenomenon in acoustic field. However, after introducing the concept of pseudo angular momentum 35, 36 , a connection between the optical vortices and acoustic vortices can be established. It is demonstrated that the topological charge of a wave vortex is associated with the conservation of pseudo angular momentum in the linear regime resulting from the medium isotropy, while for the weak nonlinear regime, pseudo angular momentum is conserved when the ratio between the topological charge and the frequency remains constant, which is of great potential significant for acoustic communication.
The introduction of the spatial angular momentum degree of freedom enables us to 
Demultiplexing OAM beams 9
Demultiplexing is still in the digital domain. A down-sampling array of a suitable resolution is utilized for acoustic field reception, recording both amplitude and phase information of the received acoustic field, and then post-process the received data through digital signal processing.
According to the intrinsic orthogonality in the OAM beams 4 , one can demultiplex the received information into original several independent channels conveniently by 
Experimental setup
We conducted an underwater static acoustic communication scheme (Fig. 2 In the simulation, we implemented the transmission of a standard gray scale image of Lena, the size of which is 256×256 pixels. For each pixel is encoded as 8-bit binary data, we can independently encode the pixels of the image into the OAM acoustic carrier wave in OOK format with each bit occupying an independent specified OAM channel. The image data is transmitted in parallel through multiplexed OAM beam.
At the receiving terminal, the acoustic pressure field is collected through a 8*8 d e 12 receiver array in a scan area of 1.5 wavelengths by 1.5 wavelengths (Fig. 3a) , and the recorded data of both amplitude and phase is then performed products with the spiral phase reversed of the eight bases to demultiplex and restore the original baseband signal. a b 
Discussion
The experimental setup presented here is very versatile and the acoustic vortex spatial and temporal patterns are configurable in real time.
We studied the effect of the scanning area and receiver resolution on the performance of the communication system (Fig 4) . In addition, the relationship between the number of elements and the number of available OAM channels is also studied. The formula is derived first. Since the practical system is the discretization of the circumference, leading to a restriction in the number of OAMs that can be generated. When the number of elements is constant, the OAM channels that can be generated is determined. The theoretical limit of available OAMs is the number of the elements, but in fact the limit is smaller, reaching a certain number of multiplex channels will result in the dramatic deterioration of receiving terminal when performing the demultiplexing operation, and can not restore the original signal correctly. The number of available OAM channels and the receiving performance of the system are discussed. It is found that the number of usable OAM channels is related to the number of emitting transducers on the circumference, and the receiving performance is related to the number of receivers and the scanning area, regardless of the way of arrangement. The higher the resolution and the more comprehensive the coverage area, the better receiving performance.
